Synthetic guidance channels or tubes have been shown to promote axonal regeneration within the spinal cord from brainstem motor nuclei with the inclusion of agents such as matrices, cells, or growth factors to the tube. We examined the biocompatibility and regenerative capacity of synthetic hydrogel tubular devices that were composed of poly(2-hydroxyethyl methacrylate-co-methyl methacrylate) (PHEMA-MMA). Two PHEMA-MMA channels, having a mean elastic modulus of either 177 or 311 kPa were implanted into T8-transected spinal cords of adult Sprague Dawley rats. The cord stumps were inserted into the channels and fibrin glue was applied to the cord-channel interface. An expanded polytetrafluoroethylene (ePTFE) membrane was used for duraplasty. Controls underwent cord transection alone. Gross and microscopic examination of the spinal cords showed continuity of tissue within the synthetic guidance channels between the cord stumps at 4 weeks. There was a trend towards an increased area and width of bridging neural tissue in the 311-kPa guidance channels compared to the 177-kPa channels. Neurofilament stained axons were visualized within the bridging tissue, and serotonergic axons were found to enter the 311-kPa channel. Retrograde axonal tracing revealed regeneration of axons from reticular, vestibular, and raphe brainstem motor nuclei. For both channels, there was minimal scarring at the channel-cord interface, and less scarring at the channel-dura interface compared to that observed next to the ePTFE. The present study is the first to show that axons from brainstem motor nuclei regenerated in unfilled synthetic hydrogel guidance channels after complete spinal cord transection.
INTRODUCTION S
PINAL CORD INJURY can be devastating with little or no recovery of function. In adult humans and other mammals, axons of the central nervous system undergo little or abortive regeneration. Within the past twenty years, however, several repair strategies have been devised that allow regeneration of central axons within the spinal cord. These strategies involve delivery of single or multiple neurotrophic factors (Hiebert et al., 2002; Namiki et al., 2000; Schnell et al., 1994; Tuszynski et al., 1998) , neutralization of inhibitory molecules that are believed to inhibit axonal regeneration (Bradbury et al., 2002; Fouad et al., 2001; Huang et al., 1999) , and implantation of several types of cells (Coumans et al., 2001; Lu et al., 2002; Ramon-Cueto et al., 1998; Xu et al., 1995) and matrices (Oudega et al., 1997; Teng et al., 2002; Woerly et al., 2001; Xu et al., 1997) . While improved axonal regeneration has been reported, recovery after complete spinal cord transection has been minimal. Therefore, a combination of strategies may be required to improve the extent of functional recovery and to achieve a therapeutic approach suitable for application to humans.
With most of the animal studies mentioned above, partial spinal cord injury models were used. While partial spinal cord injury models may more adequately reflect the injuries sustained by man, these models make it difficult to ascertain, whether axons truly regenerated or whether the axons arose as collaterals from intact axons or were axons that were spared from injury. To eliminate this uncertainty, complete spinal cord transection models have been utilized. However, for several reasons, few strategies have produced axonal regeneration and shown functional recovery after complete transection (Cheng et al., 1996; Coumans et al., 2001; Lu et al., 2002; RamonCueto et al., 1998; Rapalino et al., 1998; Schwartz et al., 1999) . With complete cord transection, the two spinal cord stumps may retract, thereby eliminating a surface upon which axons can regenerate. The stumps can develop a fibrous or astrocytic scar, which may also prevent axonal regeneration. Furthermore, the lack of a cavity associated with complete transection injuries, makes drug injection, cell implantation, or other reparative strategies difficult, as there is no cavity to contain the inserted material.
To permit examination of a combination of strategies, and to study true axonal regeneration after complete transection of the spinal cord, we and others (Oudega et al., 2001; Spilker et al., 2001; Teng et al., 2002; Xu et al., 1995; Xu et al., 1999) have pursued an entubulation strategy to promote axonal regeneration in the completely transected spinal cord, similar to the strategy used for peripheral nerve repair (Fields et al., 1989; Lundborg et al., 1981; Mackinnon and Dellon, 1990) . Entubulation is a technique used for axonal regeneration in the peripheral nervous system (Dahlin and Lundborg, 2001) , where the nerve guidance channels, or tubes, are essentially cylindrical structures in which the stumps of a fully transected nerve are placed in either end. Tubes have been shown to both prevent the influx of external cells (Guest et al., 1997) and to concentrate the molecules excreted from the nerve stumps by restricting their diffusion away from the injury area (Aebischer et al., 1988; Rodriguez et al., 1999) . The channels can be designed to create a permissive environment for regeneration and can contain a combination of the necessary components for repair such as trophic factors (Bloch et al., 2001) , gel matrices (Chamberlain et al., 1998; Wells et al., 1997) , cell transplants (Guenard et al., 1992; Verdu et al., 1999) , neutralizers of inhibition, and cell-invasive scaffolds (Meek et al., 1996) .
Comparable tubular guidance channel strategies have been tested in the central nervous system specifically to promote axonal regeneration of the completely transected spinal cord. These studies include the use of Millipore tubes (Campbell et al., 1957) and polycarbonate film tubes coated with poly-L-lysine (Montgomery et al., 1996) . Naturally derived channels manufactured from collagen have also been used either empty or supplemented with phosphate buffered saline, large-pore collagen-glycosaminoglycan (GAG) matrix, or smallpore collagen GAG matrix (Spilker et al., 1997 (Spilker et al., , 2001 ). Biostable synthetic polymeric channels (i.e., polyacrylonitrile:polyvinylchloride copolymer) and biodegradable polyester channels (i.e., poly[D,L-lactic acid]), both of which have also been supplemented with a matrix and/or cells (Chen et al., 1996; Gautier et al., 1998; Oudega et al., 2001; Xu et al., 1995 Xu et al., , 1997 Xu et al., , 1999 have also been implanted in the transected rat spinal cord.
To improve upon the axonal regeneration and functional recovery that has been obtained with other channels, we designed a novel synthetic hydrogel channel. The synthetic hydrogel channel was designed to have an elastic modulus similar to that of the spinal cord, which has been estimated between 200 and 600 kPa (Chang et al., 1988; Dalton et al., 2002; Hung et al., 1981) because a mismatch in mechanical properties between the implant and the surrounding tissue can result in implant failure (Salacinski et al., 2001; Taylor et al., 1999) or can cause the channel to compress or lacerate the relatively soft spinal cord tissue. We previously demonstrated that these channels are permeable to small nutrient molecules such as glucose and oxygen (Dalton et al., 2002; Luo et al., 2001) , which may be important to axonal regeneration.
The goal of this research was to determine the inherent regenerative capacity of empty or unfilled hydrogel channels-that is, channels initially devoid of any added matrix or cell-in a complete spinal cord transection model in the adult rat. We found our channel formulations to be biocompatible based on minimal scarring and inflammation of spinal cord tissue. Remarkably, we also found that a tissue bridge containing many regenerated axons, some from brainstem neurons, formed within these channels. The regenerated bridge within the chan-TSAI ET AL. nel was also examined for astrocytes, oligodendrocyte precursors, microglia and macrophages.
MATERIALS AND METHODS

Channel Fabrication
All chemicals for the fabrication of the channels were purchased from Aldrich Chemical Co (Milwaukee, WI) and used as received unless indicated otherwise. Water was distilled and deionized at 18OM. Channels were produced by a new liquid-liquid centrifugal spinning technique previously described in detail (Dalton et al., 2002; Dalton and Shoichet, 2001) . Briefly, the monomers, 2-hydroxyethyl methacrylate (HEMA) and methyl methacrylate (MMA), were dissolved in excess water. To this were added aqueous solutions of ammonium persulfate (APS) and sodium metabisulfite (SMBS), which comprised the initiating system. This solution was injected into a 15-cm glass mold that was placed in the chuck of a horizontally mounted stirrer. Rotation commenced at a pre-determined speed, as measured with a tachometer (model 461893; Extech Instruments, Waltham, MA). As the monomer was polymerized, the polymer became insoluble in the aqueous solution and phase separated. This separated phase was denser than water and pushed to the periphery of the glass mold by centrifugal forces. After approximately 5 h, glass molds were removed from the drills and the PHEMA-MMA hydrogel channel removed from the mold. The hydrogel channels were cut into 6-mm lengths and extracted (using a Soxhlet extractor) overnight in water to remove residual or unreacted monomer, initiator or crosslinking agent from the resulting tube. Channels were individually packaged into cryovials with a punctured cap, and sterilized by autoclaving (20 min at 120°C) prior to implantation and characterization. The gross physical properties of the channels were soft and flexible, similar in feel to those of contact lenses.
Electron Microscopy of Channels
Random sterile channels were removed from their packaging and cut laterally. Sections were placed in water-filled eppendorf vials, flash frozen in liquid nitrogen, and then freeze-dried to remove the water by sublimation, thereby maintaining the morphology of the wall structure. Dried cross-sections were mounted on aluminum stubs and conductive paint was applied to ensure conduction of the specimen. After gold-coating, the cross-sections were imaged on a scanning electron microscope (SEM) at 15 kV at a working distance of 15 mm. Representative images of the wall morphology are reported.
Mechanical Testing of Channels
Channels of 25 mm in length were sterilized as previously described and mounted on a micro-mechanical tester (Dynatek Dalta, Scientific Instruments, USA) using barbed fitting and Luer Lok connectors. The hydrogel channels were pulled in tension at a rate of 1%/min, and changes in the load and distance measured. The elastic modulus was calculated from the linear portion of the stress-strain curve and represents the elastic behaviour or rigidity of the channels. Channels that had a mean elastic modulus of 177 Ϯ 26 kPa (mean Ϯ SD; n ϭ 4) and 311 Ϯ 57 kPa (mean Ϯ SD; n ϭ 4) were implanted and are referred to as 177-kPa channels and 311-kPa channels, respectively. Channels that had a mean elastic modulus of 11 Ϯ 2 kPa were also synthesized, but found to be too weak for handling and implantation.
Animals and Tracer Materials
Adult, female Sprague Dawley rats (Charles River, St. Constant, Quebec, Canada, 200-500 g) were used for this investigation. Fluoro-Gold (FG) was obtained from Fluorochrome (Denver, CO). The animal protocols were approved by the Animal Care Committee of the Research Institute of the University Health Network in accordance with policies established by the Canadian Council of Animal Care.
Channel Implantation and Functional Assessment
Rats were anesthetized with 2% halothane with 1:2 nitrous oxide to oxygen and then received preoperative cefazolin (40 g) in 5 mL of normal saline subcutaneously. After the T7-9 laminae were removed, the dura was incised in the midline and a synthetic expanded polytetrafluoroethylene membrane (ePTFE; Preclude ® , W. L. Gore, Flagstaff, AZ) was sutured to one side of the durotomy with two 8-0 Ethilon sutures. Under an operating microscope the spinal cord at the T8 level and any nearby nerve roots were then transected with microscissors and the transection reinspected under microscopy to ensure complete transection of the spinal cord and all spinal roots in the vicinity. Gelfoam (Pharmacia & Upjohn Inc., Mississauga, Ontario, Canada) was placed in the gap between the two stumps for hemostasis. After removal of the Gelfoam, there was a gap between the two stumps of the spinal cord of approximately 4 mm, and this gap was bridged with the 177-kPa channel in six rats and the 311-kPa channel in 13 rats (Table 1) . A small "V" was incised in the dorsal aspect of the channel at the rostral and caudal channel rim prior to implantation. A blunt hook was then inserted under the cut rostral stumps to lift the stump and then lower it through the v-cut of the channel. This was repeated for insertion of the caudal stump into (Fig. 1) . Fibrin glue (20 L of fibrinogen and 20 L of thrombin; Aventis Behring, Marburg, Germany) was then applied to the stump-channel interface at both ends. The ePTFE membrane was then positioned such that it covered the channel-cord construct entirely. Control animals (n ϭ 9) had the transection at T8, and the synthetic dural membrane was placed between the two stumps and positioned so that one edge of the synthetic dural membrane was ventral to the rostral stump, and the other edge of the membrane was dorsal to the caudal stump. This step was taken to ensure that there would be no tissue continuity established between the two cord stumps.
The wound was closed in layers with 3-0 Vicryl sutures (Johnson & Johnson, Peterborough, Ontario, Canada) in the paraspinal muscles and Michel clips (Fine Science Tools, North Vancouver, B.C., Canada) in the skin. Buprenorphine (0.03 mg/kg, subcutaneously) was given postoperatively and animals had their bladders expressed manually three times a day. Urinary tract infections were treated with ampicillin (125 mg every 12 h, subcutaneously) and gentamicin (2 mg once a day, subcutaneously) was added for urinary tract infections persisting more than 5 days.
Animals with the 311-kPa channels and control animals (Table 1) were assessed weekly for functional behavior with the Basso, Beattie, and Bresnahan (BBB) (Basso et al., 1995) scoring system, and all animals were videotaped while ambulating for 4 min just prior to tracer insertion or perfusion.
Retrograde Axonal Tracing and Immunohistochemistry
The axonal tracer techniques and immunohistochemical techniques were based on techniques that we have previously reported (Tsai et al., 2001) . Briefly, rats were anesthetised with 2% halothane with 1:2 nitrous oxide to oxygen. Retrograde tracing with FG was performed in four transection control animals, and in one and four of the animals with 311-kPa channels at 4 and 8 weeks, respectively. After the predetermined period of observation, rats underwent laminectomy at T13 and complete spinal cord transection with microscissors. A pledget of Gelfoam (0.5 mm 2 ) was soaked in a solution of FG in normal saline (4% for FG) and then placed in the transection site. Petroleum jelly (Sherwood Medical, St. Louis, MO) was then placed over the spinal cord and FG pledget at the laminectomy site, the muscles closed with 3-0 Vicryl and the skin with Michel suture clips. After 7 days, the tissue was prepared as described below and the cord and brain sections examined for evidence of retrograde labeling.
Tissue Preparation
Animals were sacrificed at the end of the planned period of observation or 7 days later if the retrograde tracer was inserted. All animals were sacrificed by intraperitoneal injection of 0.7-1.0 mL of sodium pentobarbital (65 mg/mL). After thoracotomy they received an intracardiac injection of 1 mL of 1000 U/mL heparin, and then the animals that had axonal tracing were perfused with 500 mL of 4% paraformaldehyde in 0.1 M phosphate buffer (PB), and the rest were perfused with 500 mL of 10% neutral buffered formalin.
For the animals with axonal tracers, the brain and spinal cord were removed, cryoprotected with 30% sucrose in PB (24 h, 4°C), and then frozen and embedded in Optimum Cutting Temperature (OCT) compound (Stephens Scientific, Riverdale, NJ). Coronal sections of the entire brain were cut in a cryostat at 40 m, whereas serial parasagittal sections of a 1.5-2-cm length of spinal TSAI ET AL. 
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Ȥ cord encompassing the transection site ( Fig. 1C ) and the transplanted channel were cut at 20 m in a 1:6 series and mounted on cold (Ϫ20°C) Superfrosted Plus slides (Fisher Scientific, Markham, Ontario, Canada). To investigate the presence of labeled propriospinal neurons, six serial transverse spinal cord sections (20 m thick) were taken at the T3, T4, and T5 spinal cord levels. It has been observed that animals with neurological disease (Dowson and Harris, 1981; Stojanovic et al., 1994) , and specifically spinal cord transection (Tsai et al., 2001) , show significant autofluorescence of cortical, brainstem and spinal neurons that may interfere with identification of FG labeling. To eliminate this autofluorescence artifact, the brain and transverse spinal cord sections were left to dry and treated for autofluorescence as described previously (Tsai et al., 2001) prior to the examination for FG labeled neurons. Briefly, three techniques, the Sudan Black B technique, the cupric sulfate technique, and the multiple filter block technique were used to differentiate autofluorescent cells from FG labeled cells. Both the Sudan Black B and the cupric sulfate decrease the signal from autofluorescent cells only, and do not eliminate the signal from immunolabeled or FG labeled cells. For the parasagittal spinal cord sections, the Sudan Black B technique was used. These sections on slides were dipped in Tris buffer (TB; Fisher Scientific, Markham, ON, Canada; pH 8.0) and then 70% ethanol. Sections were then stained with 0.3% SBB (BDH, Toronto, ON, Canada) in 70% ethanol for 10 min, and washed in TB.
The cupric sulfate technique was used for the brain sections and transverse spinal cord sections. These sections on slides were washed with 0.1 M phosphate buffered saline (PBS), dipped in distilled water, and treated with 0.5% CuSO 4 (Sigma, St. Louis, MO) in ammonium acetate buffer (50 mM, pH 5.0; Sigma) for 10 minutes, washed with 0.1 M PBS, and then visualized hydrated. Sections that dried prior to viewing were rehydrated with PBS.
All sections were then further examined with the multiple filter block technique where neurons were examined with three different filter blocks as described below. A structure was considered labeled only if the fluorescent signal appeared with the appropriate filter block and did not appear with the other filter blocks. For example, a neuron was considered labeled with FG if it fluoresced with only the UV-2A filter block. With the FG neuron counts, the possibility of counting the same cell twice was eliminated by counting every second section. Spinal cord sections were examined for FG using a fluorescent microscope and filter blocks as described below. Paraformaldehyde-fixed sections for immunohistochemistry were kept hydrated with PBS.
For the formalin-fixed animals, a 1.5-2-cm length of spinal cord that encompassed the transection site and channel was removed, photographed, and embedded in paraffin. Serial parasagittal sections 8 m thick were cut in a 1:8 series, and every eighth section was stained with Luxol Fast Blue with hematoxylin and eosin to determine the series that had a tissue bridge that was the widest and that had the greatest area. All sections of that series then underwent staining with Masson's trichrome, Von Kossa silver stain or Alizarin red S stain for calcium, Prussian blue for iron, or immunohistochemistry for NF200, GFAP, ED1, and NG2 as described below. The gap between the cord stumps is indicated by the small white arrows. The ePTFE membrane (large white arrow) is placed over the cord-PHEMA-MMA channel repair site after channel insertion. (C) Spinal cord containing the 311-kPa channel implant excised after 4 weeks. Note the junction of the cord stumps and the channel delineated by the small white arrows. The ePTFE membrane (large white arrow) is also visualized. Ruler markings are in millimeters.
Immunohistochemistry
The spinal cord repair site was examined for immunohistochemistry with the following monoclonal antibodies: mouse anti-neurofilament 200, phosphorylated and non-phosphorylated clone N52 (NF200; 1:500, Sigma [Schumacher et al., 1999] ) to visualize neurons and axons; mouse anti-glial fibrillary acidic protein (GFAP; 1:200, Boehringer-Mannheim Chemicon, Temecula, CA [Agrawal et al., 1998 ]) to visualize astrocytes and astrocytic scarring; mouse anti-rat monocytes/ macrophages (ED1; 1:200, Chemicon [Fitch et al., 1999; Popovich et al., 1997] ) to visualize activated macrophages or microglia. Polyclonal antibodies included: rabbit anti-calcitonin gene related peptide (CGRP; 1:3000, DiaSorin, Stillwater, MN [Brook et al., 1998 ]) to identify sensory axons; rabbit anti-serotonin (5-HT; 1:10 000, DiaSorin, Stillwater, MN [Brook et al., 1998 ]) to identify serotonergic axons; and rabbit anti-NG2 chondroitin sulfate proteoglycan (NG2; 1:800, Chemicon, Temecula, CA [Levine and Nishiyama, 1996] ) to identify oligodendrocyte precursor cells. In all of the immunohistochemistry procedures appropriate negative controls were made with the omission of the primary antibodies.
Immunohistochemistry of ParaformaldehydeFixed Tissue
Every sixth section of the spinal cord repair site of the paraformaldehyde perfused animals was examined using the UV2A filter to select the series that had a tissue bridge that was the widest and that had the greatest area. All sections of that series then underwent immunohistochemistry. The sections were washed three times with PBS for 10 min, and then blocked for endogenous peroxidase and/or then for nonspecific antibody binding. Endogenous peroxidases were blocked with 1% hydrogen peroxide for 30 min for GFAP and NG2 labeling, and for 10 min for 5HT and CGRP. Nonspecific antibody binding was blocked at room temperature (RT) for 1 h with the following: 10% heat-inactivated goat serum (HIGS) in PBS containing 0.3% Triton X-100 for NF200 and GFAP; 20% HIGS in PBS for NG2, 4% normal goat serum (NGS) in PBS containing 0.1% Triton X-100 for ED-1. The primary antibodies were then applied to the sections and incubated overnight at 4°C. All primary antibodies were diluted in blocking solutions with the exception of the following: 5-HT and CGRP were diluted in 0.3% Triton X-100 in PBS; and NG2 was diluted in PBS. Sections were then washed three times in PBS, and incubated with the secondary antibody, Alexa Fluor™ 488 goat anti-mouse and goat anti-rabbit IgG (HϩL) conjugate highly cross-adsorbed (1:500 dilution in PBS; Molecular Probes, Eugene, OR), was applied for 1 h at RT. Sections were mounted without coverslipping and viewed hydrated with PBS using a fluorescent microscope as described below.
Immunohistochemistry of Formalin-Fixed Tissue
Formalin fixed sections were deparaffinized and slides for ED-1 were postfixed in Bouin's for 1 h at 60°C. All sections were blocked for endogenous peroxidase with 1% methanol peroxidase for 30 min, except for those stained for NF200, and GFAP. To unmask antigen sites, selected sections of slides for ED-1 and NG2 were placed in a pressure cooker with citrate buffer (pH 6.0) and heated in a microwave oven (Kenmore Sears Canada Inc., model 88952) for 35 min on high. After heating, slides remained in the microwave for an additional 30 min and were then rinsed with PBS twice. For NF200, a solution of ethylenediaminotetraacetic acid (EDTA) in pH 8 buffer was heated in the microwave for 15 min on high power. The slides were then placed in the EDTA solution in the pressure cooker, which was placed in the microwave for 8 min on high power. After heating, the slides were left in the microwave for 20 min and then rinsed with PBS twice. All sections were blocked for nonspecific antibody binding as previously described. Monoclonal antibodies ED-1 (1:50, Chemicon), GFAP (1:200, Chemicon), NF 200 (1:400, Sigma), and the polyclonal antibody NG2 (1:250, Chemicon) were then applied and incubated overnight at 4°C. The primary antibodies were diluted in blocking solutions, with the exception of NG2 which was diluted in PBS, the appropriate biotinylated secondary antibodies and avidin-biotin peroxidase complex (Vectostain Elite ABC Kit Standard, Vector Laboratories, Burlington, Ontario, Canada) were then added. Vector VIP (VIP, Vector Laboratories) was applied as the chromogen. Sections were coverslipped with Entellan (EM Science, Gibbstwon, NJ) and visualized under a light microscope (Nikon Eclipse TE300, Nikon Mississauga, Ontario, Canada).
Visualization of Retrograde Axonal Tracing and Fluorescent Immunohistochemistry
A fluorescent microscope (Nikon Eclipse TE300) was used for fluorescence histological examination with the following filter blocks: Tx Red (excitation filter 540-580 nm, dichroic mirror DM 595, barrier filter BA600-660); G-2A (excitation filter 510-560, dichroic mirror DM575, barrier filter BA590); B-2E (excitation filter 450-490, dichroic mirror DM 505, emission 520-560); and UV-2A (excitation filter 330-380, dichroic mirror DM 400, barrier filter BA420). Images were captured with an Op-TSAI ET AL. tronics digital camera and the Bioquant Nova Prime for Windows 9x Version 6.50.10 MR.
Measurement of Bridging Tissue Area, Bridging Tissue Widths, and Stump Gap Lengths
All paraffin sections were examined from all animals to determine the size of the tissue bridging between the stumps within the channel. Three serial parasagittal sections containing the largest tissue bridge were selected and measured for bridging tissue area, bridging tissue widths, and stump gap lengths using Bioquant Imaging Software. Total bridging tissue area was measured by outlining the bridging tissue within the channel and limited by the GFAP scar at the rostral and caudal ends. The width of the bridging tissue was measured at the point where the bridging tissue was the widest. Stump gap length was defined as the shortest distance within the channel between the two cord stumps with the GFAP labeled scar delimiting the rostral and caudal ends of the cord stumps. For measurement of the stump gap length, only animals that had a tissue bridge were included in the analysis.
Measurement of ED1 Density
For measurement of ED1 density, four formalin fixed parasagittal sections from transection control animals (n ϭ 3) and from animals with 311-kPa channels (n ϭ 3) implanted for 8 weeks were stained for ED1 and examined. Using a standardized scan area or rectangular region of interest, the entire dorsoventral aspect of the cord through the stumps and through the tissue bridge was measured using Bioquant to obtain the measurement of the area of ED1 staining. Scan areas that did not include tissue were subtracted from the area encompassed from the region of interest rectangles. Density was calculated by dividing the area of ED1 staining by the area encompassed by the region of interest rectangles. For all sections, the same light and threshold levels were maintained.
Statistics
BBB scores were analyzed with two-way repeated measures ANOVA and post-hoc analysis was performed using the Bonferroni method. Comparison of the number of brainstem motor nuclei neurons labeled with FG and ED1 labeling in control and 311-kPa implanted animals was performed with one way analysis of variance. Analysis was performed with SigmaStat for Windows Version 2.03 and Microsoft ® Excel 2000, and graphs were drawn with SigmaPlot for Windows Version 4.01.
RESULTS
Hydrogel Spinal Cord Channels
Hydrogel guidance channels were designed to match the dimensions and modulus of the rat spinal cord. The outside diameter of the channels was approximately 4.2 mm, and the inside diameter was 3.6 mm, giving a wall thickness of 0.3 mm. All channels were flexible, soft to touch and had similar dimensions. Concentric hydrogel guidance channels were produced with different elastic moduli and wall morphologies (Fig. 2) . Spinal cord channels had an elastic modulus of 11 Ϯ 2, 177 Ϯ 26, and 311 Ϯ 57 kPa (mean Ϯ SD). The 11-kPa channels collapsed easily, which made handling and implantation difficult. The 177-kPa and 311-kPa channels were easier to handle and implant. As shown in Figure 2 with SEM images, the 177-kPa channel had a "spongy" porous wall morphology, while the 311-kPa channel had a predominately gel-like morphology.
Tissue Bridge Between Cord Stumps-Minimal Fibroblastic or Glial Scarring
Hydrogel channels were implanted in spinal cord transected adult rats for 2-8 weeks and assessed for their ability to serve as a pathway for regeneration. At 2 weeks, no tissue bridge was evident in either the 177-kPa or the 311-kPa spinal cord channels. However, at 4-8 weeks, a tissue bridge was evident in both channels. There was a tissue bridge at 4 weeks or later in the majority of animals implanted with the 177-kPa channels (n ϭ 3 of 4) and the 311-kPa channels (n ϭ 10 of 11) (Fig. 3) . For the 177-kPa channels, a tissue bridge was present in one of two animals at 4 weeks and two of two animals at 8 weeks. For the 311-kPa channels, a tissue bridge was present in four of four animals at 4 weeks and six of seven animals at 8 weeks.
The mean total bridging area for the 311-kPa and the 177-kPa channels was 621 ϫ 10 4 Ϯ 98 ϫ 10 4 m 2 and 68 ϫ 10 4 Ϯ 36 ϫ 10 4 m 2 (mean Ϯ SEM), respectively. The mean width of the tissue bridge was 793 Ϯ 100 m for the 311-kPa tubes compared to 91.8 Ϯ 41.8 m for the 177-kPa tubes. Although the small number of animals that received the 177-kPa channel precludes meaningful statistical analysis, there appeared to be a trend toward a larger tissue bridge in the animals that received the 311-versus the 177-kPa channel.
The Masson stain revealed no difference in the extent of fibroblastic reaction and collagen formation between the two types of guidance channels. For both there was minimal fibroblast infiltration/collagen deposition in the lumen of the guidance channel compared to the amount of scarring outside of the guidance channel next to the
SPINAL CORD REGENERATION IN HYDROGEL CHANNELS
795
F2
Ȩ
F3
Ȩ ePTFE membrane. While there was some scar/collagen deposition adjacent to the synthetic ePTFE dural membrane, there was remarkably less collagen within the tissue bridge and at the interfaces between the spinal cord stumps and the tissue bridge, the spinal cord stumps and the guidance channel, and the tissue bridge and the guidance channel (Fig. 4) .
There was a dense accumulation of astrocytes as shown by GFAP labeling in both the rostral and caudal stumps of the transected cord, as has been reported in other channel implantation studies (Chen et al., 1996; Oudega et al., 1997) . Astrocytes did not appear to migrate into the middle of the tissue bridge. GFAP labeling has been used to define the border between spinal cord stump and the tissue graft or bridge (Guest et al., 1997) . The distance between the spinal cord stumps, as defined by GFAP labeling see (Fig. 5) , for the 311 kPa and 177 kPa channels was 6.42 Ϯ 0.84 mm and 7.16 Ϯ 0.32 mm, respectively. The similar spinal cord stump distance of both the 177 and the 311 kPa groups suggests that the increase in the size of the tissue bridge in the 311 kPa group is due to the increased growth of new tissue rather than decreased atrophy of the transected spinal cord stumps in the 311 kPa channel group.
As there was a trend for an increased area and width of the tissue bridge in the 311-kPa channels, only rats implanted with these channels and controls were then further characterized for histology and behaviour.
Neural Tissue
Numerous axons were present in the tissue bridge that formed within the channels as demonstrated with NF200 staining. Axons seemed to be more abundant in the bridging tissue near the channel walls (Fig. 6) suggesting that the inner channel wall surface may support elongation of regenerating axons and may promote the alignment of the regenerating axons. This location also corresponded to areas of greatest myelination as seen with hematoxylin and eosin/Luxol Fast Blue staining of adjacent sections (Fig. 7) .
In an attempt to identify the different types of axons growing within the newly formed tissue bridge, we used multiple stains. Although serotonergic 5HT supraspinal axonal fibers were found to extend from the rostral stump into the channel, only one animal had a small number of 5HT fibers in the caudal stump. Axons of dorsal root origin stained with CGRP, were also present in the bridging tissue. However, the number of fibers that stained positively for 5HT or CGRP did not account for all of the fibres that stained positively for NF200, suggesting that other types of axons regenerated into the channels (Fig. 3) . The ePTFE membrane (red arrow) is seen dorsal to the channel. Note the thick tissue bridge that has regenerated after complete cord transection (bar ϭ 1 mm). A parasagittal section through the tissue bridge of an animal that received a 311-kPa channel for 8 weeks stained for NF200 to label axons (B) and CGRP to label sensory axons (C). Note the many regenerating axons, labeled green, within the tissue bridge. The number of fibers that stained positively for CGRP did not account for all of the fibres that stained positively for NF200, suggesting that other types of axons regenerated into the channels (bar ϭ 10 m).
FIG. 4.
Histological sections from the spinal cord repair site 4 weeks post-implantation of a 311-kPa PHEMA-MMA channel. Section is stained with Masson's trichrome for collagen (collagen stains green). Note the minimal deposition of collagen scar next to the 311-kPa PHEMA-MMA channel (A, black arrow) compared to the thick collagen deposition adjacent to the expanded polytetrafluoroethylene membrane (B, orange arrow; bar ϭ 100 m). During processing of the tissue, the guidance channel walls often separated from adjacent tissues because there was increased shrinkage of the tissue compared to the channel. Therefore, histological preparations often show guidance channel buckling or separation (Fig. 3) , which was not apparent before formalin fixation and paraffin processing.
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Axonal Tracers
To further characterize the origin of axons that regenerated into the 311-kPa channels, retrograde axonal tracing with FG was performed in four of the 8-week survival animals. Motor nuclei of controls and propriospinal neurons of both control and repair groups were examined and found to contain no FG labeled neurons. The lack of FG labeling in these locations corroborates that the motor nuclei FG labeling observed in repair animals was not due to diffusion of FG, as FG labeling of the neurons in these locations would occur if there was diffusion of the FG tracer. The lack of labeling of the propriospinal neurons in both repair and control animals indicate that the channel alone does not promote regeneration of propriospinal axons.
In the animals of the repair group, however, neurons in the reticular, vestibular and raphe nucleus were found to be retrogradely labeled with FG (Fig. 8) by axons that had regenerated through the guidance channels to the T13/L1 level, a distance of approximately 2.5 cm from the transection site. The mean neuronal counts of labeled FG neurons in the reticulospinal, vestibulospinal, and raphespinal nuclei were 10.3 Ϯ 6.4, 12.3 Ϯ 6.9, and 2.7 Ϯ 2.7 (mean Ϯ SEM), respectively. Many of the brainstem neurons showed major morphological changes, likely related to the complete axonal transection injury which is known to modify neuronal cell bodies (Kwon et al., 2002; Liu et al., 2002) .
All sections were examined with both the cupric sulphate and multiple filter techniques to ensure that autofluorescent cells were eliminated from the counts. The use of both these techniques will also eliminate cells that are both autofluorescent and FG labeled, and thus the counts listed above may underestimate the true extent of neurons that regenerated axons. Although the counts may have been underestimated, there was nevertheless more brainstem motor neurons labeled with FG found in the repair animals compared to controls (one way analysis of variance, Dunnett's method for multiple comparisons versus control group, p ϭ 0.002). The specific nuclei that showed regeneration include the dorsal reticular medullary nucleus and the lateral reticular nucleus, the lateral, median, and superior vestibular nuclei, and the raphe obscurus nucleus.
Myelinating Cell Precursors within the Tissue Bridge
NG2-labeled cells, which could be oligodendrocyte precursors cells (Ong and Levine, 1999; Watanabe et al., 2002) or Schwann cells (McTigue et al., 2001) , were also found within the cord stumps and tissue bridge. The NG2 cells of the stumps, however, were stellate and located predominately within the grey matter. In contrast, the NG2 labeled cells within the bridging tissue were elongated and aligned along the rostral-caudal axis in a similar direction and location to the regenerating axons (Fig.  9 ). This suggests that NG2 cells may have migrated into the channel and may be myelinating or guiding the regenerating axons.
Inflammation and Scarring
Macrophages and microglia were found throughout the cord stumps, more in the white matter compared to the TSAI ET AL.
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FIG. 5.
Astrocyte accumulation at the interface between the stump and bridging tissue. A parasagittal section of the spinal cord (A) stained for GFAP from an animal that had received a 311-kPa channel for 8 weeks. The rostral stump is to the left and the bridging tissue is on the right of the figure. Dorsal is to the top of the figure. Due to tissue processing, the guidance channel, which is indicated by the arrows, has been displaced from its in vivo position adjacent to the tissue bridge. Note that there is dense GFAP labeling of the rostral stump and relatively little GFAP present within the tissue bridge (bar ϭ 1 mm). (B) A photomicrograph montage showing a higher power view of the rostral stump-tissue bridge interface. Note the distinct margin between the cord and tissue bridge. Bar ϭ 500 m.
F8
Ȩ
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Ȩ grey matter, as well as within the tissue bridge. The density of ED1 labeled cells (mean Ϯ SD) was 132 ϫ 10 Ϫ3 Ϯ 64 ϫ 10 Ϫ3 m 2 within the tissue bridge and 154 ϫ 10 Ϫ3 Ϯ 46 ϫ 10 Ϫ3 m 2 within the white matter. There was no significant difference (one way analysis of variance, p ϭ 0.325) in the distribution of the macrophages within the bridging tissue and the white matter of the cord stumps, indicating that the channel did not increase the inflammatory cell population. The density of macrophages in the stumps of the transection controls was 123 ϫ 10 Ϫ3 Ϯ 49 ϫ 10 Ϫ3 m 2 and in the repair animals was 108 ϫ 10 Ϫ3 Ϯ 27 ϫ 10 Ϫ3 m 2 (mean Ϯ SD). There was no statistical difference (t-test, p ϭ 0.101) in the density of macrophages in the stumps between the transection controls and repair animals, also suggesting that the tube did not increase inflammation in the cord. NF200 positive material was found within macrophages/microglia both within the channel (Fig. 7A ) and in the cord stumps. The macrophages/microglia within the cord stumps are likely ingesting either regenerating or degenerating tissue, while those within the bridging tissue may be ingesting regenerating axons. Indeed, in the LFB H&E stained sections, myelin debris was also found within the macrophages/microglia in the tissue bridge, suggesting that macrophages/microglia may also be ingesting newly formed myelin (Fig. 7B) .
The Masson stain revealed no difference in the extent of fibroblastic reaction and collagen formation between the two types of guidance channels. For both there was minimal fibroblast infiltration/collagen deposition in the lumen of the guidance channel compared to the amount of scarring outside of the guidance channel next to the ePTFE membrane. Note the region of myelin formation (arrow, myelin stains blue) corresponds to the same region containing numerous axons in the tissue bridge, indicating that the newly regenerated axons are myelinated. Small white arrow in A indicates NF200 positive globular material that likely represents a macrophage/microglia cell that has ingested axonal material. The small white arrow in B indicates a macrophage/microglia cell that contains myelin debris, suggesting that macrophages/microglia may also be ingesting newly formed myelin. Bar ϭ 100 m. deposition adjacent to the synthetic ePTFE dural membrane, there was remarkably less collagen within the tissue bridge and at the interfaces between the spinal cord stumps and the tissue bridge, the spinal cord stumps and the guidance channel, and the tissue bridge and the guidance channel (Fig. 9) .
There was a dense accumulation of astrocytes as shown by GFAP labeling in both the rostral and caudal stumps of the transected cord, as has been reported in other channel implantation studies (Chen et al., 1996; Oudega et al., 1997) . Astrocytes did not appear to migrate into the middle of the tissue bridge.
Mineral Deposition on the Channels
As early as 2 weeks, calcium was evident on the exterior surface of the channel as demonstrated by the von Kossa and Alizarin red S stain for calcium. At 4 and 8 weeks, there was progressively more calcium deposition on the exterior of the channel. Interestingly, there was minimal calcium deposition on the interior surface of the channel likely because the internal channel environment differed from the external environment. Staining with Prussian Blue revealed minimal deposition of hemosiderin on the channels.
Functional Results
With the BBB scoring system, we assessed locomotor functional recovery in the group with 311 kPa channels and transection controls. There was no significant difference between the groups (Two Way Repeated Measures ANOVA-Bonferroni t-test; P ϭ 0.128). The BBB score (mean Ϯ SD) achieved at 8 weeks for the control and 311 kPa channel group was 1.2 Ϯ 1.0 and 2.3 Ϯ 2.2, respectively.
DISCUSSION
Axons from brainstem motor nuclei regenerated through the synthetic hydrogel channels and bridged a 4 TSAI ET AL. mm gap between the stumps of the transected spinal cord of an adult rat. Some of the axons were from motor nuclei and regenerated through the complete spinal cord transection at T8 to at least the T13/L1 cord level, the site of implantation of the FG tracer. While previous studies have demonstrated axonal regeneration within synthetic channels, the present study is remarkable because it is the first to show that axons from brainstem motor nuclei regenerated in unfilled synthetic hydrogel guidance channels after complete spinal cord transection. Our study is unique in that the hydrogel channels were not pre-filled with matrix or cells, and animals were not treated with adjuvant drugs or neurotrophic factors to obtain axonal regeneration from brainstem motor neurons.
In other entubulation studies using a complete transection model (Gautier et al., 1998; Montgomery et al., 1996; Spilker et al., 1997; Spilker et al., 2001) there was no evidence of regeneration of axons from brainstem nuclei through the channel except when channels were augmented with one of the following combination therapies, in which case regeneration of supraspinal axons was observed: (1) guidance channels filled with Schwann cells, Matrigel and methylprednisolone (Oudega et al., 2001 ); or (2) guidance channels filled with Schwann cells and Matrigel with delivery of neurotrophic factors (Xu et al., 1995; Xu et al., 1999) . In our study, regeneration of brainstem axons occurred in animals that were not treated with a growth factor or methylprednisolone, and our channels did not contain cells and were not filled with a matrix. While we acknowledge that some of the fibrin sealant may have leaked into the channel, the amount, if any, would have been inconsequential as fibrin glue solidifies quickly when used as a sealant at the tissue-tube interface. Furthermore, since the channel is translucent, we were able to observe by observation, that the channel was not completely filled with fibrin glue.
It is important to differentiate the complete transection model from the hemi-transection model, where axonal regeneration has also been demonstrated in empty channels (Montgomery et al., 1996) . In one hemi-transection study (Xu et al., 1999) , Matrigel-filled channels were used to promote propriospinal axonal regeneration. The lack of propriospinal regeneration in our study may be due to the following reasons. In studies in which propriospinal neurons regenerated within channels (Chen et al., 1996; Guest et al., 1997; Oudega et al., 1997; Xu et al., 1997; Xu et al., 1995) , Matrigel was used to fill the channel. In preliminary results with Matrigel within our channel (results not published), we found that Matrigel prevented the regeneration of any brainstem motor neurons. Thus, perhaps one reason why propriospinal axons have been perceived to regenerate more vigorously is not a characteristic of propriospinal neurons itself, but because of the matrix through which they are allowed to grow. In other studies that have used collagen to fill the channel, propriospinal neurons did not regenerate more vigorously (Spilker et al., 1997; Spilker et al., 2001) .
Another difference between these studies and ours is the choice of axonal tracer. In several studies, Fast Blue was used as the axonal tracer and was injected into the center of the guidance channel (Chen et al., 1996; Xu et al., 1995) . Thus, the Fast Blue may have labeled axons that regenerated into, but not through, the entire length of the tube. Fast Blue is known to label axons with application to the epineurium (Choi et al., 2002) whereas FG is less likely to label fibers of passage (Schmued and Fallon, 1986) . The increased likelihood of Fast Blue to label fibers of passage may explain why propriospinal neurons may appear to have regenerated more vigorously in these other studies.
When these Matrigel-filled channels were augmented with Schwann cells, significant brainstem labeling was observed. While these results are important, the hemitransection model is a partial injury model that does not differentiate between re-growth of the transected axons (true axonal regeneration) and axonal growth from nontransected fibres (collateral sprouting). The ideal repair would facilitate regeneration of transected axons (true regeneration) rather than have spared axons replace the transected axons (axonal collateralization).
Achieving true regeneration is not new but the fact that this was achieved with brainstem motor nuclei in simple unfilled channels after complete cord transection is promising and suggests that combination therapies that we test in the future may yield results superior to those published to date. It is unclear why these hydrogel channels are superior to others tested to date; however we speculate that the mechanical properties of the channel, which are similar to those of the spinal cord (Dalton et al., 2002) , may be important to maximize tissue regeneration and minimize necrotic tissue at the stump-tissue bridge interface. The permeability of our channel to small nutrient molecules such as glucose and oxygen (Dalton et al., 2002; Luo et al., 2001) , may also play a role in improving axonal regeneration. In addition, there may be other unique features of our channel that are as yet unidentified. The overall bioacceptability of the implant material, as evidenced by a minimal inflammatory response, also likely plays an important role for tissue regeneration.
Despite the regeneration of axons from brainstem motor nuclei, functional recovery remains elusive. The potential for greater recovery with the incorporation of combination therapies into these already permissive channels is great. Indeed, these channels permit the addition of a variety of factors to augment axonal regeneration of spe-SPINAL CORD REGENERATION IN HYDROGEL CHANNELS cific motor or sensory nuclei, including matrices, growth factors, inhibitory factor neutralizers, and cellular transplants. During fabrication, the PHEMA-MMA channel requires neither high temperatures for molding nor the use of potentially toxic solvents (Friedman et al., 2002) , and thus facilitates the incorporation of bioactive compounds such as neurotrophic factors (Bamber et al., 2001; Hiebert et al., 2002; Namiki et al., 2000; Schnell et al., 1994; Tuszynski et al., 1998) , enzymes such as chondroitinase ABC (Zuo et al., 1998) , antibodies such as IN-1 to neutralize inhibition of axonal regeneration (Fouad et al., 2001; Huang et al., 1999) or cells (Bunge, 1994; Oudega et al., 2001; Xu et al., 1997; Xu et al., 1995) . Scaffolds, with a microarchitecture engineered for optimal axon growth and organization, can also be designed to be placed within the channel (Teng et al., 2002) .
Although entubulation has been used extensively in peripheral nerve regeneration both experimentally and clinically, entubulation of the spinal cord has received less interest. Our results suggest that synthetic hydrogel channels may hold promise as a novel therapeutic strategy for the treatment of spinal cord injury. The entubulation strategy with synthetic hydrogel channels is advantageous because the channels limit the ingrowth of scar tissue, contain endogenously secreted neurite growth-promoting factors (Oudega et al., 2001) , and maintain optimal alignment of both the cord stumps and cells within a tissue cable (Guest et al., 1997) . The cure for spinal cord injury will likely require a combination of multiple strategies. The soft, synthetic hydrogel guidance channels that we have described permit the combination of multiple strategies within a controlled spinal cord environment for enhancing true axonal regeneration and, ultimately, functional recovery.
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